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(54) Neutron beam controlling apparatus, and neutron energy measuring apparatuss 



(57) The invention discloses a neutron beam con- 
trolling apparatus comprising a plurality of multilayered 
plate members 11 , in which each of the plate members 
1 1 has on its one or both surfaces one or a plurality of 
minute protruding portions 12, in which each of the pro- 
truding portions 12 is a long and narrow protrusion 
extending in an area-wise direction and having both an 
inclined surface that is inclined against the beam axis of 
neutron beam and serves as an incident plane or an 
outgoing plane for the neutron beam and a surface 
approximately normal to the plate member. 
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Description 

FIELD OF THE INVENTION 

[0001] The present invention relates to an appara- 5 
tus for controlling the beam shape of neutron beam, the 
velocity direction thereof or the like, and to an apparatus 
for measuring the energy of neutrons. 

DESCRIPTION OF RELATED ART 10 

[0002] Neutron is an important probe in material 
science due to its features such as the follows: (a) it 
interacts with nuclei in a material strongly; (b) it has 
kinetic energy and wavelength at the same order as the is 
atomic motion in a material and the scale of atomic 
structure, respectively; and (c) it has a strong penetra- 
bility. 

[0003] Neutrons provide the information of nuclei in 
a material through the nuclear interaction, while X-rays 20 
and photons provide the information of atoms in a mate- 
rial through the electromagnetic interactions. Therefore, 
neutron scattering experiments are necessary in the 
determination of the position and the motion of nuclei 
regardless of electron clouds of atoms. 25 
[0004] The strength of neutron-nuclear interaction 
has irregularity with respect to the atomic number of ele- 
ments and varies depending on the mass number of 
isotopes, which is largely different from the strength of 
electromagnetic interaction which has a monotonous 30 
dependence only on the atomic number. This feature is 
applied to distinguish elements having similar electro- 
magnetic scattering strengths and isotopes of an atomic 
number. It is also applicable to determine the position 
and the motion of light elements, for example, for the 35 
study of hydrogen atoms in an organic material. 
[0005] The neutron magnetic dipole moment origi- 
nated from its 1/2 spin is suitable to study the magnetic 
structure of a material. The strong penetrability can be 
applied to investigate the macroscopic structure of bulk 40 
samples such as industrial products, which are difficult 
to be investigated using charged particles and X-rays. 
[0006] Efficient use of neutron beam is very impor- 
tant since neutron beam is available only in limited facil- 
ities equipped with nuclear reactors, accelerators and 45 
strong radioactive sources. Improvement of neutron 
beam transport from a neutron source to a neutron 
spectrometer is strongly desired since the improvement 
of neutron source intensity is limited by both the cost 
and the radiation control technique utilized. The so 
improvement not only reduces the measuring time but 
also enables us to carry out in situ measurements of 
transient phenomena and to study the structure of new 
materials which are not available in the form of large- 
scale single crystals, ft also reduces the risks in radia- 55 
tion safeties. 

[0007] A neutron guide has been commonly used 
for transport of neutrons. A neutron beam can be bent 



2 

by the reflection on the interface of medium (e.g., the 
interface between air and other medium) with a suffi- 
ciently small incident angle. A neutron guide is a vac- 
uum tube of which inner surface is coated with a 
neutron reflector such as nickel. The neutron guide is 
pumped to vacuum to minimize the neutron loss caused 
by. for example, scattering by air. Neutrons incident to 
the guide at an angle smaller than the critical angle of 
the neutron reflector material are reflected on the inner 
surface and transported downstream. 
[0008] FIG. 1 6A illustrates the concept of a prior art 
apparatus for the structural analysis of a material by 
neutron scattering, and FIG. 16B is the enlarged view of 
the apparatus around the sample. Neutrons are emitted 
in all directions from a neutron source 100 (e.g., a 
nuclear reactor, a radioactive source or a nuclear target 
bombarded by charged particles) . A part of the gener- 
ated neutrons are transported through a neutron guide 
101 and incident to a sample 102. A neutron detector 
103 such as a proportional counter 103 measures the 
intensity of neutrons scattered to the direction of angle 
8 . Angular distribution of scattered neutrons is analyzed 
to extract the information related to the atomic structure 
of the sample. The typical aperture of the neutron guide 
1 01 is about 5cm and the typical size of the sample 102 
is 1-2cm or larger. 

[0009] For the purpose of increasing the beam den- 
sity, a neutron capillary tube can be used. The neutron 
capillary tube may be in the form of bundled glass tubes 
1 10 which have thin channels of about 10um in diame- 
ters as shown in FIG. 17. Incident neutrons are trans- 
ported by the reflection on the inner surface of the 
channels. Each of the tubes 101 may be bent at a cer- 
tain angle to focus the neutrons in the tube 101 to a 
small area 113, whereby the neutron beam density is 
increased. 

[0010] Beam divergence of the incident beam 
should be sufficiently small to provide a good resolution 
in determination of scattering angles, since the scatter- 
ing angle cannot be determined precisely if the incident 
beam is divergent. A common technique for reducing 
the beam divergence is the neutron diffraction. How- 
ever, this technique has such a disadvantage that the 
intensity of the beam transferred to the sample is too 
much attenuated upon the diffraction. 
[0011] In the analysis of a new material using neu- 
tron beam as a prove, only a very small sample is avail- 
able. Such a very small sample needs to be irradiated 
with a dense and thin neutron beam for yielding good 
analysis result. Moreover, the incident neutron beam is 
also required to have a small beam divergence for the 
determination of the atomic structure of the sample with 
great precision. 

[0012] The prior art neutron guide, which utilizes 
the total reflection of neutron beam on the interface 
between media, can transport neutrons efficiently but 
cannot focus nor reduce the divergence of the beam. As 
shown by the arrows in FIG 16B, neutron beam 104 



2 



3 



EP1 035 422 A2 



4 



emitted from a neutron guide 101 diverges. The diver- 
gent neutron beam 104 enters a sample 102, from 
which neutrons each having various scattering angles 
of 6 1 , 8 2 . • • are emitted to a detector 1 03 and detected 
by the detector 103. This causes a non-negligible error 5 
in determination of neutron scattering angles. In order 
to reduce the error, a beam collimator can be placed 
upstream the sample, which disadvantageously sup- 
presses the efficiency of utilization of the neutrons. 
[001 3] As mentioned above, the use of neutron cap- 10 
iliary tubes can increase the neutron beam density. 
However, as shown in Fig. 17, only the neutrons trans- 
ported through the thin channels of the capillary tubes 
110 are focused downstream and the neutrons 112 
passing between tubes 110 are not used, which sup- 15 
presses the efficiency of utilization of the neutrons. In 
addition, since tubes 110 are curved to bring neutrons 
into convergence, the beam divergence is enlarged at 
the focal point which is not suitable for a good angular 
resolution. 20 
[001 4] To provide neutron beam with reduced diver- 
gence, neutron diffraction by a single crystal can be uti- 
lized. However, in this case, the beam intensity is too 
much attenuated. 

[001 5] As mentioned above, conventional methods 25 
related to neutron beam control are not appropriate to 
obtain a thin and dense neutron beam. In addition, up to 
now, no apparatus is known which can measure the 
energy of neutrons directly and conveniently. 

30 

SUMMARY OF THE INVENTION 

[0016] Under these circumstances, the present 
invention has been accomplished. That is, an object of 
the present invention is to provide an apparatus for con- 35 
trolling the beam shape of neutron beam, the velocity 
direction thereof or the like. Another object of the 
present invention is to provide an apparatus for measur- 
ing the energy of neutrons directly and readily. 
[0017] This specification includes part or all of the 40 
contents as disclosed in the specification and/or draw- 
ings of Japanese Patent Application No. 11-51904, 
which is a priority document of the present application 
and incorporated herein by reference in its entirety. 
[0018] The above and other objects, effects, fea- 45 
tures and advantages of the present invention will 
become more apparent from the following description of 
embodiments thereof. 

BRIEF DESCRIPTION OF THE DRAWINGS so 
[0019] 

FIG. 1 a view illustrating the principle of the refrac- 
tion of neutron beam in a material. ss 
FIGs. 2A, 2B and 2C are views illustrating the con- 
struction of an embodiment of the neutron beam 
controlling apparatus according to the present 



invention. 

FIGs. 3A and 3B are views illustrating the function 
of the neutron beam controlling apparatus shown in 
FIGs. 2A, 2B and 2C. 

FIG. 4 is a general view of another embodiment of 
the neutron beam controlling apparatus according 
to the present invention. 

FIG. 5 is a sectional view taken along the lines A- A 
of FIG. 4. 

FIG. 6 is a partial exploded sectional view of the 
apparatus of FIG. 4. 

FIGs. 7A and 7B are views illustrating one type ol 
the plate member used in the apparatus of FIG. 4. 
FIGs. 8A and 8B are views illustrating another type 
of the plate member used in the apparatus of FIG. 
4. 

FIG. 9 is a general view of still another embodiment 
of the neutron beam controlling apparatus accord- 
ing to the present invention. 
FIG. 10 is a sectional view taken along the lines B- 
B of FIG. 9. 

FIG. 1 1 is a partial exploded sectional view of the 
apparatus of FIG. 9. 

FIGs. 12A and 12B are views illustrating one type of 
the plate member used in the apparatus of FIG. 9. 
FIGs. 13A and 13B are views illustrating another 
type of the plate member used in the apparatus ol 
FIG. 9. 

FIG. 14 is a schematic view of a neutron energy 
measuring apparatus according to the present 
invention. 

FIG. 15 is a schematic view illustrating an embodi- 
ment of the combination of a neutron beam conver- 
gence controlling apparatus, a neutron beam 
divergence controlling apparatus and a neutron 
beam trajectory curve controlling apparatus 
according to the present invention. 
FIGs 16A and 16B are views illustrating the concept 
of a apparatus for analyzing the structure of a mate- 
rial by neutron scattering according to the prior art, 
wherein FIG. 16A is a general view and FIG. 16B is 
an enlarged view of a portion around a sample. 
FIG. 17 is a view illustrating a method for increasing 
the neutron density by use of a capillary guide. 

DETAILED DESCRIPTION OF THE INVENTION 

[0020] The interaction between neutrons and a 
material is considered to be almost the interaction 
between neutrons and nuclei in the material. The inter- 
action between low-energy neutrons and nuclei is 
descrtoed by a potential. A value determined by averag- 
ing the total potential of the nuclei by the volume of the 
material is called "effective potential". An effective 
potential value is usually extremely small since the vol- 
ume of the nuclei occupying in the material is very 
small. Among elements with natural abundance. Be 
exerts the highest effective potential, which is as small 
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as about 250 neV. 

[0021 ] Effective potentials are usually positive. Ele- 
ments with natural abundance have positive effective 
potentials, except Mn, 71, Li, V and H which have nega- 
tive effective potentials. When a material has positive s 
effective potential, a part of the kinetic energy of inci- 
dent neutron beam is lost since the part is converted to 
effective potential upon entering the material, whereby 
the neutron beam is moderated in the direction perpen- 
dicular to the surface of the material. Accordingly, neu- 
trons obliquely incident to a material of positive effective 
potential is refracted at the surface of the material as 
shown in FIG. 1 . In this case, it can be said that the neu- 
trons have an index of refraction smaller than 1. In con- 
trast, when a material has negative effective potential, 
the reverse is the case and the index of refraction is 
lager than 1 . 

[0022] In the production of a neutron refracting 
apparatus (i e., a neutron beam controlling apparatus) 
such as a neutron prism and a neutron lends, the mate- 
rial used for the apparatus is required to have an index 
of refraction much greater or smaller than 1 so as to 
bend neutron beam to a larger extent and have a large 
permeation to the neutrons. Cancfidate elements which 
satisfy these requirements include, among elements 
with natural abundance, O, C. Be and F; and among 
enriched isotopes, D (deutrium) . Polyretrafluoroethylele 
(PTFE) , which is a compound composed of such ele- 
ments, exerts effective potential of (1 12+i3.9x10 -5 ) neV. 
Neutron beam of 14A wavelength which is incident to 
the PTFE surface at an incident angle of 45° is bent by 
0.14 mrad at the surface of the PTFE. 
[0023] One-time oblique incidence of neutron beam 
to a material causes only a small angle of refraction of 
the neutron beam. However, multiple times of such 
oblique incidence of neutron beam through multiple 
numbers of materiaJ surfaces causes a continuous 
refraction of the neutron beam, which is applicable for 
the manufacture of a practical neutron beam refracting 
device (i.e.. a neutron beam controlling apparatus). 
[0024] The present invention has been achieved 
based on the studies on the interaction between neu- 
tron beam and materials as mentioned above. Accord- 
ing to the present invention, it becomes possible to 
construct a neutron beam refracting apparatus for con- 
trolling the beam shape of neutron beam, the velocity 
direction thereof or the like. 

[0025] The present invention provides a neutron 
beam controlling apparatus comprising a plurality of 
multilayered plate members, each of the plate members 
having on its one or both surfaces one or a plurality of 
minute protruding portions, and each of the protruding 
portions having an inclined surface which is inclined 
against the beam axis of neutron beam and serves as 
an incident plane or an outgoing plane for the neutron 
beam. In the apparatus, each of the minute protruding 
portions may be a long and narrow protrusion (which 
has a triangular cross section taken perpendicular to 



the length-wise direction) which extends in an area-wise 
direction and has both the inclined surface and a sur- 
face approximately normal to the plate member. In this 
case, each of the minute protruding portions may be a 
long, narrow and linear protrusion having both the 
inclined surface and a surface approximately normal to 
the plate member, and all of the inclined surfaces incline 
toward the same direction, whereby neutron beam 
entering the apparatus can be refracted in one direction. 
[0026] The present invention also provides a neu- 
tron beam controlling apparatus comprising a plurality 
of multilayered plate members, each of the plate mem- 
bers having on its one or both surfaces one or a plurality 
of circularly protruding portions arranged so as to form 
a concentric structure around the central axis of the 
apparatus, each of the circularly protruding portions 
having both a surface approximately normal to the plate 
member and a surface inclined toward the center of the 
concentric structure, and, when observed in the direc- 
tion parallel to the central axis, the superposition degree 
of the circularly protruding portions becomes larger as 
the distance from the central axis becomes longer. The 
apparatus can focus neutron beam, which is a function 
corresponding to the function of a convex lends in an 
optic system. 

[0027] The present invention also provides a neu- 
tron beam controlling apparatus comprising a plurality 
of multilayered plate members, each of the plate mem- 
bers having on its one or both surfaces one or a plurality 
of circularly protruding portions arranged so as to form 
a concentric structure around the central axis of the 
apparatus, each of the circularly protruding portions 
having both a surface approximately normal to the plate 
member and a surface inclined outward the concentric 
structure, and, when observed in the direction parallel to 
the central axis, the superposition degree of the circu- 
larly protruding portions becomes larger as the distance 
from the central axis becomes longer. The apparatus 
can make neutron beam diverge, which is a function 
corresponding to the function of a concave lends in an 
optic system. 

[0028] In the apparatus having the convex or con- 
cave lends function, at least one of the plate members 
may have an opening portion at the center. 
[0029] The apparatus having the convex lends func- 
tion and the apparatus having the concave lends func- 
tion may be combined to provide a neutron beam 
controlling apparatus which, for example, can convert 
parallel neutron beam having a large beam diameter to 
that having a small beam diameter. 
[0030] In the above-described apparatuses, each of 
the plate members may comprise a material comprising 
mainly at least one element selected from the group 
consisting of oxygen (O), carbon (C) , beryllium (Be), 
fluorine (F) and deuterium (D 2 ). Specific examples of 
the material include potytetrafluoro ethylene, carbon, 
deuterated polyethylene, heavy water and dry ice. Deu- 
terated polyethylene [(-CD 2 -CD 2 -) n ] is a compound pre- 
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pared by substituting the hydrogens in normal 
polyethylene by deuteriums. When a plate member is 
prepared from heavy water, heavy water may be packed 
in a package made of a Teflon- or deuterated polyethyl- 
ene-made thin film or may be iced. 5 
[0031 ] The present invention also provide a neutron 
energy measuring apparatus comprising: means for 
emitting neutrons therefrom in the form of neutron 
beam; a neutron beam controlling apparatus according 
to claim 3 to which the neutron beam is incident; and a 10 
position-sensitive neutron detector for detecting the 
neutrons emitted from the neutron beam controlling 
apparatus. 

DESCRIPTION OF THE PREFERRED EMBODI- 1S 
MENTS 

[0032] The present invention will be described in 
more detail with reference to the drawings. 

20 

[Embodiment 1] 

[0033] FIGs. 2A-2C and 3A-3B illustrate an embod- 
iment of the neutron beam controlling apparatus 
according to the present invention. FIGs. 2A-2C are 
views illustrating the construction of the apparatus, and 
FIGs. 3A and 3B are views illustrating the function 
thereof. 

[0034] In FIG. 2A, the neutron beam controlling 
apparatus is conceptually illustrated. As shown in FIG. 
2A. the neutron beam controlling apparatus 10 com- 
prises a plurality of multilayered plate members 11 
shown in FIG. 2B. Each of the plate members may be 
produced by processing a thin plate of a material having 
a high neutron beam penetrability [e.g., polytetrafluor- 
oethylene (PTFE), glassy carbon, and deuterated poly- 
ethylene prepared by substituting hydrogens in normal 
polyethylene by deuteriums] to provide a plurality of 
long, linear protruding portions 12 each having a trian- 
gular cross section and extending to the same direction 
are closely arranged in parallel. The plate member 1 1 
may also be made of carbon dioxide or heavy water. 
Carbon dioxide may be used in the form of dry ice, and 
heavy water may be used by packaging into a container 
made of a Teflon or deuterated polyethylene film or may 
be used in iced form. 

[0035] The plate member 1 1 may be layered with 
the side having the protruding portions 12 down. Alter- 
natively, a plate member 13 may also be used which 
has the protruding portions 12 on the both sides. 
[0036] FIGs. 3A and 3B illustrate the function of the 
neutron beam controlling apparatus 10. FIG. 3A is a 
schematic sectional view illustrating the behavior of 
neutron beam 16 incident onto a plate member 11. The 
upper surface of the plate member 1 1 is provided with 
linear protruding portions 12 each formed by a surface 
14 approximately normal to the bottom surface of the 
plate member 11 and an inclined surface 15. Neutron 



beam 1 6 incident onto the inclined surface 1 5 of the pro- 
truding portion 12 is refracted according to the principle 
illustrated in FIG. 1. Since the plate member 11 is com- 
posed of a material with positive effective potential, the 
neutron beam 16 is refracted in the plate member 1 1 at 
an index of refraction smaller than 1. 
[0037] Only one-time refraction of the neutron 
beam 16 provides a very small angle of retraction 5. For 
example, when the plate member 1 1 is composed of 
PTFE and the angle a formed by the inclined surface 1 5 
with the bottom surface of the plate member 1 1 is 45°, 
the angle of refraction 5 of neutron beam 16 of 14A 
wavelength which is incident onto the plate member 1 1 
at an the angle perpendicular to the bottom surface 
thereof, is as small as 0.14 mrad. In the neutron beam 
controlling apparatus 10 of the present invention, the 
number of the interface of matters present in the flight 
path of the neutron beam 16 is increased in a compact 
construction to enlarge the overall angle of refraction ol 
the neutron beam 16. That is, the neutron beam 16 inci- 
dent to the apparatus 10 passes through a plurality of 
inclined surfaces 15a. 15b, 15c, ... of multilayered plate 
members 1 1a, 1 1b, 1 1c, .... respectively, as illustrated in 
FIG. 3B, thereby giving a large angle of refraction a. For 
example, if the angle of refraction 8 of neutron beam 1 6 
yielded by passing through one plate member 1 1 is 0.1 4 
mrad, the neutron beam 16 passing through 129 plate 
members 1 1 yields the overall angle of refraction a of 1 7 
mrad (=1°). 

[Embodiment 2] 

[0038] Another embodiment of the neutron beam 
controlling apparatus which functions to focus neutron 
beam will be illustrated hereinbelow. FIG. 4 is a general 
view of the neutron beam controlling apparatus; FIG. 5 
is a sectional view taken along the lines A-A of FIG. 4; 
FIG. 6 is a partial exploded sectional view of the appa- 
ratus of FIG. 4; and FIGs. 7A and 7B and FIGs. 8A and 
8B are views illustrating two types of plate members 
used in the apparatus of FIG. 4, respectively. 
[0039] The neutron beam controlling apparatus of 
this embodiment is composed of an apparatus body 20 
and a pair of circular support frames 21 and 22 for sup- 
porting the body 20 therebetween. The apparatus is 
assembled by sandwiching the body 20 between the cir- 
cular support frames 21 and 22 and holding them 
together through pins 23 by screws 24. However, the 
apparatus may also be assembled in any other fashion. 
[0040] As shown in FIG.6, the body 20 is composed 
of thirty-three multilayered (PTFE-made) plate mem- 
bers 25 1f 25 2 . 25 3 , ... and 2533, all of which, except one 
disposed at the bottom of the body 20, individually have 
an opening at the center such that the area of the open- 
ing of each plate member becomes larger as the plate 
member is located more far apart from the bottom of the 
body 20. Therefore, the apparatus body 20 has a coni- 
cal cavity extending to the top of the body 20 as shown 
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in FIGs. 4 and 5. 

[0041] Typical structures of the plate members used 
in the apparatus are shewn in FIGs. 7 A and 7B and 
FIGs. 8A and 8B. FIGs. 7A a sectional view of a plate 
member 25 to which is the 1 0th plate from the top of the s 
murtilayered plate members, and FIG. 7B is a plane 
view thereof. A plate member 25 10 is composed of a 
PTFE plate of 1 .2 mm thick which is processed to have 
ten circularly protruding portions 31 on the upper sur- 
face. The circularly protruding portions 31 individually 
have a triangular cross section with a height of 1 .0 mm. 
and arranged on the plate concentrically and continu- 
ously in the radial direction. Inclined surfaces 31a form- 
ing a part of the triangular cross section of the circularly 
protruding portions 31, which are inclined against the 
beam axis of the incident neutron beam and serve as 
the incident surfaces, are arranged to incline toward the 
center of the concentric circles (i.e., the central axis of 
the apparatus body 20) . A circular opening 32 is pro- 
vided on the center portion of the plate 25 10 where no 
protruding portion is provided. Holes 33a-33d are pro- 
vided on the limb of the plate member 25 10 , through 
which pins 23 are to be inserted. 
[0042] FIGs. 8A a sectional view of a plate member 
2533 which is the bottom of the muttilayered 33 plate 
members, and FIG. 8B is a plane view thereof. The 
plate member 2633 is composed of a PTFE plate of 1.2 
mm thick which is processed to have on the upper sur- 
face thirty-three circularly protruding portions 31. The 
circularly protruding portions 31 individually have a tri- 
angular cross section with a height of 1.0 mm. and 
arranged on the plate concentrically and continuously in 
a radial direction. Inclined surfaces 31a forming a part of 
the triangular cross section of the circularly protruding 
portions 31 , which are inclined against the beam axis of 
the incident neutron beam and serve as the incident 
surfaces, are arranged to incline toward the center of 
the concentric circles. Unlike other plate members 25^ 
25 32 , the plate member 2533 has no center opening. 
Holes 33a-33d are provided on the limb of the plate 
member 2533 through which pins 23 are to be inserted. 
[0043] As is apparent from the above description, a 
plate member 2532. which is the 2nd plate from the bot- 
tom, can be prepared by cutting off an area having the 
center circularly protruding portion of the plate member 
2533 to provide a center opening. Similarly, a plate 
member 253 1f which is the 3rd plate from the bottom, 
can be prepared by cutting off an area having two circu- 
larly protruding portions from the center of the plate 
member 2533 to provide a center opening. Thus, a plate 
member 2534.,,, which is the n-th plate from the bottom, 
can be prepared by cutting off an area having n circu- 
larly protruding portions from the center of the plate 
member 2533 to provide a center opening. 
[0044] Neutron beam parallel to the central axis of 
the neutron beam controlling apparatus is incident 
obliquely upon the inclined surfaces 31a of the circularly 
protruding portions 31 on the plate members 25 1 -25 33 



which causes the deflection of the neutron beam to the 
direction of the central axis as shown in FIGs. 1 , 3 A and 
3B. Neutron beam incident upon the area closer to the 
central axis of the apparatus is deflected to a smaller 
extent since the neutron beam passes through relatively 
small numbers of circularly protruding portions. 
Whereas neutron beam incident upon the area apart 
from the central axis is deflected to a greater extent 
since the neutron beam passes through relatively large 
numbers of circularly protruding portions. For example, 
neutron beam incident upon the circularly protruding 
portion located at the center of the apparatus under- 
goes only once refraction on the inclined surface, 
whereas neutron beam incident upon the circularly pro- 
truding portion located at the most outside of the appa- 
ratus undergoes 33 times of refraction in total on the 
most outside inclined surfaces of the plate members 
25 1 -25 33 . In this manner, the neutron beam controlling 
apparatus of this embodiment exhibits a function similar 
to the function of a convex lends in an optic system and, 
therefore, can focus neutron beam to a small area. 
[0045] For example, when the angle a formed by 
the inclined surface 31a of the circularly protruding por- 
tion 31 with the bottom surface of the plate member 25 
is 45° and neutron beam of 14A wavelength which is 
parallel to the center axis of the apparatus is incident to 
the apparatus, the neutron beam is focused to the posi- 
tion about 3 m apart from the apparatus. Therefore, it is 
appreciated that a double-stacked type of the apparatus 
enables neutron beam of 1 4A wavelength to be focused 
to the position about 1.5 m apart from the apparatus 
and a triple-stacked type of the apparatus enables the 
neutron beam to be focused to the position about 1 m 
apart from the apparatus. Neutron beam of 20A wave- 
length which is parallel to the center axis of the appara- 
tus can be focused to the position about 1.5 m apart 
from the apparatus by employing only one stack of the 
apparatus. 

[0046] In the neutron beam controlling apparatus, 
the angle a formed by the inclined surface 31a with the 
bottom surface of the plate member 25 needs not to be 
45°, and any angle may be employed depending on the 
processing precision of the material for the plate mem- 
bers 25 and the performances required to the appara- 
tus. The number of the plate members 25 also needs 
not to be thirty-three. For example, a plurality (e.g.. two) 
of plate members 25 all having the same number of cir- 
cularly protruding portions 31 may also be employed. In 
this embodiment, the angles of inclination of the inclined 
surfaces 31 a are all the same. However, the angles may 
be varied such that circularly protruding portions 31 
located more far apart from the central axis of the appa- 
ratus have larger angles of inclination of the inclined 
surfaces 31a. 

[Embodiment 3] 

[0047] Still another embodiment of the neutron 
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beam controlling apparatus which functions to make 
neutron beam diverge will be illustrated hereinbelow. 
FIG. 9 is a general view of the neutron beam controlling 
apparatus; FIG. 10 is a sectional view taken along the 
lines B-B of FIG. 9; FIG. 1 1 is a partial exploded sec- 
tional view of the apparatus of FIG. 9; and FIGs. 12A 
and 12B, and 13A and 13B are views illustrating two 
types of plate members used in the apparatus of FIG. 9, 
respectively. In FIGs. 9-1 3B, parts and portions sub- 
stantially equivalent to those shown in FIGs. 4-8B are 
given the same reference numbers. 
[0048] The neutron beam controlling apparatus of 
this embodiment is composed of an apparatus body 40 
and a pair of circular support frames 21 and 22 for sup- 
porting the body 40 therebetween. 
[0049] As shown in FIG. 11 , the apparatus body 40 
is composed of multilayered thirty-three (PTFE-made) 
plate members 45^ 452, 45 3 , . . . and 4633, all of which, 
except one disposed at the bottom of the body 40, indi- 
vidually have an opening at the center such that the 
area of the opening of each plate member becomes 
larger as the plate member is located more far apart 
from the bottom of the body 40. Therefore, the appara- 
tus body 40 has a conical cavity extending to the top of 
the body 40 as shown in FIGs. 9 and 10. 
[0050] Typical structures of the plate members used 
in the apparatus are shown in FIGs. 12A and 12B and 
FIGs. 13A and 13B. FIGs. 12A a sectional view of a 
plate member 45 10 which is the 10th plate from the top 
of the thirty-three multilayered plate members, and FIG. 
12B is a plane view thereof. A plate member 45 10 is 
composed of a PTFE plate of 1.2 mm thick which is 
processed to have on the upper surface ten circularly 
protruding portions 51. The circularly protruding por- 
tions 51 individually have a triangular cross section with 
a height of 1 .0 mm, and arranged on the plate concen- 
trically and continuously in a radial direction. Inclined 
surfaces 51a forming a part of the triangular cross sec- 
tion of the circularly protruding portions 51, which are 
inclined against the beam axis of the incident neutron 
beam and serve as the incident surfaces, are arranged 
to incline outward the concentric circles. A circular 
opening 52 is provided on the center portion of the plate 
45! o where no protruding portion is provided. Holes 
53a-53d are provided on the limb of the plate member 
55 10 , through which pins 23 are to be inserted. 
[0051] FIGs. 13A is a sectional view of a plate 
member 4533 which is the bottom of the multilayered 33 
plate members, and FIG. 13B is a plane view thereof. 
The plate member 45 33 is composed of a PTFE plate of 
1.2 mm thick which is processed to have on the upper 
surface thirty-three circularly protruding portions 51. 
The circularly protruding minute portions 51 individually 
have a triangular cross section with a height of 1 .0 mm, 
and arranged on the plate concentrically and continu- 
ously in a radial direction. Inclined surfaces 51a forming 
a part of the triangular cross section of the circularly 
protruding minute portions 51, which are inclined 



against the beam axis of the incident neutron beam and 
serve as the incident surfaces, are arranged to incline 
outward the concentric circles. Unlike other plate mem- 
bers 45 1 -45 32 . the plate member 4533 has no center 
5 opening. Holes 53a-53d are provided on the limb of the 
plate member 4533 through which pins 43 are to be 
inserted. 

[0052] As is apparent from the above description, a 
plate member 4532, which is the 2nd plate from the bot- 

10 torn, can be prepared by cutting off an area having the 
center circularly protruding portion of the plate member 
2533 to provide a center opening. Similarly, a plate 
member 45 31 , which is the 3rd plate from the bottom, 
can be prepared by cutting off an area having two circu- 

15 larty protruding minute portions from the center of the 
plate member 4533 to provide a center opening. In turn, 
a plate member 4534_ n , which is the n-th plate from the 
bottom, can be prepared by cutting off an area having n 
circularly protruding portions from the center of the 

20 plate member 4533 to provide a center opening. 

[0053] The neutron beam controlling apparatus of 
this embodiment is a variation of the apparatus of 
Embodiment 2 in which each of the circularly protruding 
portions is modified to have an inclined surface facing 

25 outward the central axis of the apparatus. 

[0054] Neutron beam parallel to the central axis of 
the neutron beam controlling apparatus is incident 
obliquely upon the inclined surfaces 51 a of the circularly 
protruding portions 51 on the plate members 45 1 -45 33 , 

30 resulting in the deflection of the neutron beam to the 
direction of the central axis as shown in FIGs. 1, 3A and 
3B. Neutron beam incident upon the area closer to the 
central axis of the apparatus is deflected to a smaller 
extent since it passes through relatively small numbers 

35 of circularly protruding minute portions. Whereas neu- 
tron beam incident upon the area apart from the central 
axis is deflected to a greater extent since it passes 
through relatively large numbers of circularly protruding 
portions. For example, neutron beam incident upon the 

40 circularly protruding portion located at the center of the 
apparatus undergoes only once refraction on the 
inclined surface, whereas neutron beam incident upon 
the circularly protruding portion located at the most out- 
side of the apparatus undergoes 33 times of refraction 

45 in total on the most outside inclined surfaces of the plate 
members 45^4533. In this manner, the neutron beam 
controlling apparatus of this embodiment exhibits a 
function similar to the function of a concave lends in an 
optic system and, therefore, can make neutron beam 

so diverge. 

[0055] For example, when the angle a formed by 
the inclined surface 51a of the circularly protruding por- 
tion 51 with the bottom surface of the plate member 25 
is 45° and neutron beam of 14A wavelength which is 
55 parallel to the axis of the apparatus is incident to the 
apparatus, the neutron beam passing through the most 
outer portion of the plate members is swept away from 
the central axis of the apparatus by about 4.5 mrad. 
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[0056] In the neutron beam controlling apparatus, 
the angle a formed by the inclined surface 51a with the 
bottom surface of the plate member 45 needs not to be 
45°, and any angle may be employed depending on the 
processing precision of the material for the plate mem- 
bers 45 and the performances required to the appara- 
tus. The number of the plate members 45 also needs 
not to be thirty-three. For example, a plurality (e.g.. two) 
of plate members 45 all having the same number of cir- 
cularly protruding portions 51 may also be employed. In 
this embodiment, the angles of inclination of the inclined 
surfaces 51 a are all the same. However, the angles may 
be varied such that circularly protruding portions 51 
located more far apart from the central axis of the appa- 
ratus have larger angles of inclination of the inclined 
surfaces 51a. 

[Embodiment 4] 

[0057] FIG. 14 schematically illustrates an embodi- 
ment of the neutron energy measuring apparatus 
according to the present invention. This apparatus is 
composed of slits 61 and 62 for emitting therefrom neu- 
trons 60 in the form of neutron beam, a neutron beam 
controlling apparatus 63 for energy divergence of the 
neutron beam 60 and a position-sensitive neutron 
detector 64. The neutron beam controlling apparatus 63 
may be one as described in Embodiment 1 which func- 
tions to bend neutron beam to one direction. The wave- 
length A. and the angle of refraction 5 of neutrons have a 
relationship defined by the following equation: 

S/X 2 = constant. 

[0058] Fast neutrons 65 (i.e., neutrons with higher 
energy and shorter wavelength) are deflected by the 
neutron beam controlling apparatus 63 to a smaller 
extent and slow neutrons 66 (i.e.. neutrons with lower 
energy and longer wavelength) are deflected to a 
greater extent. The incidence positions of the neutrons 
from the neutron beam controlling apparatus 63 is 
detected in the position-sensitive neutron detector 64 to 
determine the energy (wavelength, velocity) of the neu- 
trons or the energy distribution of the neutrons. 

[Embodiment 5] 

[0059] FIG. 15 schematically illustrates an embodi- 
ment of the combination of a neutron beam conver- 
gence controlling apparatus, a neutron beam 
divergence controlling apparatus and a neutron beam 
trajectory curve controlling apparatus according to the 
present invention. The neutron beam convergence con- 
trolling apparatus may be one as described in Embodi- 
ment 2 with reference to FIGs. 4-8B. The neutron beam 
divergence controlling apparatus may be one as 
described in Embodiment 3 with reference to FIGs. 9- 
13B. The neutron beam trajectory curve controlling 



apparatus may be one as described in Embodiment 1 
with reference to FIGs. 2A-3B. 
[0060] A neutron beam source 80 employed may be 
a nuclear reactor, a spallation neutron source using an 
s accelerator, a source in which high energy neutrons 
emitted from radioactive isotopes are moderated by a 
moderator, or the like. As shown by arrows, the neutrons 
are emitted in all directions from the surface of the mod- 
erator. 

10 [0061] The neutrons are extracted to various direc- 
tions from the neutron source 80. Some of the extracted 
neutrons are passed through a neutron beam conver- 
gence controlling apparatus 81a and a neutron beam 
divergence controlling apparatus 81b to be focused into 

is a dense beam, which is then bend through a neutron 
beam trajectory curve controlling apparatus 81c. The 
beam is then passed through another neutron beam 
convergence controlling apparatus 81 d and another 
neutron beam divergence controlling apparatus 81 e to 

20 be further focused into a thin and dense beam, which 
may be guided to a neutron beam utilization apparatus 
91. The others are divided into some portions. Each of 
the neutron beam portions is also passed through a 
neutron beam convergence controlling apparatus 82a, 

25 83a, 84a or 85a and a neutron beam divergence con- 
trolling apparatus 82b, 83b, 84b or 85b to be focused 
into a thin and dense beam. The beam is passed 
through a neutron beam trajectory curve controlling 
apparatus 82c, 83c, 84c or 85c The beams from the 

30 neutron beam trajectory curve controlling apparatuses 
82c. 83c, 84c and 85c are combined into one beam. 
The beam is passed through another neutron beam 
convergence controlling apparatus 86 and then another 
neutron beam divergence controlling apparatus 87 to be 

35 further focused into a thin and dense beam, which may 
be guided to a neutron beam utilization apparatus 92. ; 
This arrangement makes it possible to generate neutron 
beams with a high intensity and a controlled beam 
divergence, and to improve the efficiency of utilization of 

40 neutron beams. As a result it becomes possible to carry 
out the investigation of very small samples, which has 
been impossible so far due to the problems of intensity 
inherent to such samples. It becomes also possible to 
carry out in situ measurements of samples, which have 

45 been difficult to be done so far due to the problems of 
intensity inherent to in situ measurements. 
[0062] All publications, patents and patent applica- 
tions cited herein are incorporated herein by reference 
in their entirety. 

50 

Claims 

1 . A neutron beam controlling apparatus comprising a 
plurality of multilayered plate members, each of the 
55 plate members having on its one or both surfaces 
one or a plurality of minute protruding portions, and 
each of the protruding portions having an inclined 
surface which is inclined against the beam axis of 
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neutron beam and serves as an incident plane or 
an outgoing plane for the neutron beam. 

2. The neutron beam controlling apparatus of claim 1 , 
wherein each of the minute protruding portions is a s 
long and narrow protrusion extending in an area- 
wise direction and having both the inclined surface 
and a surface approximately normal to the plate 
member. 

10 

3. The neutron beam controlling apparatus of claim 1 , 
wherein each of the minute protruding portions is a 
long, narrow and linear protrusion having both the 
inclined surface and a surface approximately nor- 
mal to the plate member, and all of the inclined sur- is 
faces incline toward the same direction. 

4. A neutron beam controlling apparatus comprising a 
plurality of multi layered plate members, each of the 
plate members having on its one or both surfaces 20 
one or a plurality of circularly protruding portions 
arranged so as to form a concentric structure 
around the central axis of the apparatus, each of 
the circularly protruding portions having both a sur- 
face approximately normal to the plate member and 25 
a surface inclined toward the center of the concen- 
tric structure, and, when observed in the direction 
parallel to the central axis, the superposition degree 

of the circularly protruding portions becomes larger 
as the distance from the central axis becomes 30 
longer. 

5. A neutron beam controlling apparatus comprising a 
plurality of multi layered plate members, each of the 
plate members having on its one or both surfaces 35 
one or a plurality of circularly protruding portions 
arranged so as to form a concentric structure 
around the central axis of the apparatus, each of 

the circularly protruding portions having both a sur- 
face approximately normal to the plate member and 40 
a surface inclined outward the concentric structure, 
and, when observed in the direction parallel to the 
central axis, the superposition degree of the circu- 
larly protruding portions becomes larger as the dis- 
tance from the central axis becomes longer. 45 

6. The neutron beam controlling apparatus of claim 4 
or 5, wherein at least one of the plate members has 
an opening portion at the center. 

50 

7. A neutron beam controlling apparatus comprising 
the combination of a neutron beam controlling 
apparatus according to claim 4 and a neutron beam 
controlling apparatus according to claim 5. 

55 

8. The neutron beam controlling apparatus of any one 
of claims 1 to 7, wherein each of the plate members 
comprises a material mainly comprising at least 



one element selected from the group consisting of 
oxygen (O), carbon (C), beryllium (3e), fluorine (F) 
and deuterium (D 2 ). 

9. The neutron beam controlling apparatus of any one 
of claims 1 to 7, wherein each of the plate members 
comprises a material selected from the group con- 
sisting of polytetrafluoroethylene, carbon, deuter- 
ated polyethylene, heavy water and dry ice. 

1 0. A neutron energy measuring apparatus comprising: 

means for emitting neutrons therefrom in the 
form of neutron beam; 

a neutron beam controlling apparatus accord- 
ing to claim 3 to which the neutron beam is inci- 
dent; and 

a position-sensitive neutron detector for detect- 
ing the neutrons emitted from the neutron 
beam controlling apparatus. 
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